We assessed the genetic status of two endangered subspecies of the northern flying squirrel (Glaucomys sabrinus) that are restricted to isolated stands of high elevation spruce-fir and adjacent spruce-fir-hardwood ecotonal habitat in the Appalachian Mountains of eastern North America. We used mitochondrial DNA (mtDNA) and allozyme data to estimate levels of genetic variability in the two subspecies of interest and then evaluated this information in the context of large-scale phylogeographical structure and overall genetic variability for the entire species and for the closely related and partially sympatric southern flying squirrel (Glaucomys volans). This broader analysis involves much of North America's northern coniferous forest biome, together with the deciduous forest biome of eastern North America. Our results support the evolutionary distinctness of the endangered Appalachian populations of G. sabrinus. These populations possess several private alleles and have levels of genetic variability that are substantially lower than those observed in conspecific populations found elsewhere. However, the endangered Appalachian populations of G. sabrinus have higher levels of genetic variability than those observed in populations of G. volans from across eastern North America. These results highlight the utility of evaluating the conservation genetics of small and isolated populations within a broad-scale comparative evolutionary and biogeographical framework.
The high altitude spruce-fir forest of the southern Appalachian Mountains is one of the rarest and most threatened habitats in North America (White et al., 1993; Wear & Greiss, 2002) . This forest type is dominated by red spruce (Picea rubens) and Fraser fir (Abies fraseri) and occurs as a series of high-elevation (>1300 m) habitat islands in the Appalachians. These islands are characterised by high levels of endemism and support many borealadapted species found nowhere else in the southeastern part of the continent. A number of factors have contributed to the extreme decline of the Appalachian spruce-fir forest over the past century. These include timber harvests, fires and grazing of the resulting grasslands, as well as the invasion of the balsam woolly adelgid (Homomptera: Adelgis piceae), which has eliminated 95% of the Fraser fir from the southern Appalachians (Wear & Greiss, 2002) . In many areas, ongoing acid rain and heavy metal deposition may be further inhibiting forest regeneration and contaminating the understory (Bruck, Robarge & McDaniel, 1989) . As a result, the spruce-fir islands of the Appalachians are considered to represent the most extreme case of ecological decline in southeastern North America (Wear & Greiss, 2002) .
The naturally small and fragmented nature of the Appalachian spruce-fir forest, combined with a high degree of habitat destruction, has generated concern over the long-term viability of populations of many plants and animals associated with this forest-type (e.g. Harp, 1992; Wear & Greiss, 2002) . This is especially true for taxa that have important ecological roles, are characterised by relatively low dispersal rates and already have small population sizes. The northern flying squirrel, Glaucomys sabrinus, fits all of the above criteria (Weigl, Knowles & Boynton,1999) . This small, nocturnal gliding mammal is an important dispersal agent for mycorrhizal fungi as well as an important prey item, especially for owls (Strix spp.: Wells-Gosling & Heaney, 1984) . Although this species is broadly distributed throughout the coniferous forests of northern North America, two subspecies, G. s. fuscus and G. s. coloratus, are geographically isolated and endemic to the high-elevation spruce-fir and adjacent sprucefir-hardwood ecotonal areas of the southern Appalachians (Fig. 1 ). Both subspecies are currently listed as endangered; populations of G. s. coloratus from the extreme southeastern edge of the species range in North Carolina and Tennessee (which are the smallest and most fragmented) are considered to be particularly vulnerable . The small population sizes and insular distributions of these two subspecies make reduced levels Dolan & Carter (1977) and Browne et al. (1999) . Two-letter abbreviations indicate selected states and provinces (see the Appendix).
of genetic variability and the potential for inbreeding depression also of high concern (Browne et al., 1999) . In this study we examine the conservation genetics of the endangered Appalachian populations of G. sabrinus using data from two molecular markers: the mitochondrial DNA (mtDNA) cytochrome-b gene and allozymes. To provide the broadest possible context for evaluating these small regional populations, we also examined the large-scale population structure of G. sabrinus and that of the closely related southern flying squirrel (G. volans). Glaucomys volans occupies deciduous hardwood forests of eastern North America and occurs at lower elevations in the Appalachians than G. sabrinus (Fig. 1) . Taking this two-marker approach provides two different perspectives on genetic variation and population structure; whereas mtDNA is a maternally inherited organelle, allozymes primarily survey bi-parentally inherited nuclear loci (Wilson et al., 1985) . One major advantage of this approach (as opposed to examining either marker alone) is that it permits much stronger inferences regarding the role of historical bottlenecks in shaping contemporary genetic variation (Gaines et al., 1997) . Extending our analysis to include populations of G. volans from throughout eastern North America also provides a much broader biogeographical and evolutionary framework within which to interpret our data on the endangered Appalachian populations of G. sabrinus. Our ultimate goals were to use this multi-marker, multi-species comparative approach: (1) to assess the distinctness of the endangered Appalachian populations of G. sabrinus, (2) to determine whether these populations have reduced levels of genetic variability relative to other populations of flying squirrels in North America, as might be expected given their small contemporary population sizes and insular distribution and (3) to provide important genetic information that can be used to address the current concerns for the viability and maintenance of these endangered populations.
METHODS AND MATERIALS

Molecular techniques
We analysed mtDNA variation in a 315 base-pair (bp) fragment of the cytochrome-b gene of the mtDNA from 63 individuals of Glaucomys (43 individuals of G. sabrinus and 20 of G. volans). These included 25 new sequences and 38 reported previously (Arbogast, 1999) . Locality information and GenBank accession numbers for all 63 individuals are given in the Appendix. Laboratory protocols for extraction and amplification followed those described by Arbogast (1999) . Sequencing was performed using an ABI 377 automated sequencer (Applied Biosystems, Foster City, CA) at the Burke Museum, University of Washington. All sequences were aligned using Sequencher (Version 3.11; Gene Codes Corp., Ann Arbor, MI) and visually inspected for errors.
Allozyme data were collected for 127 flying squirrels from North America ( Selander et al. (1971) and Hillis, Mortiz & Mable (1996) . Twenty-one loci were scored: aconitate hydratase (ACOH-1), EC 4.2.1.3; alcohol dehydrogenase (ADH-1) EC 1.1.1.1; aspartate aminotransferase (AAT-1), EC 2.6.1.1; cytosol aminopeptidase (CAP-1), EC 3.4.11.1; esterase (EST-1, EST-2, EST-3, EST-4), EC 3.1.1.-(Colorimetric); glycerol-3-phosphate dehydrogenase (G3PDH-1), EC 1.1.1.8; glucose-6-phosphate isomerase (GPI-1) EC 5.3.1.9; haemoglobin (HGB-1), no EC number; lactate dehydrogenase (LDH-1) EC 1.1.1.27; malate dehydrogenase (MDH-1, MDH-2), EC 1.1.1.37; peptidase using leucylglyclyglycine as the substrate (PEP-1), EC 3.4.-.-.; phosphoglucomutase (PGM-1, PGM-2), EC 5.4.2.2; phosphogluconate dehydrogenase (PGDH-1), EC 1.1.144; sorbitol dehydrogenase (SDH-1), EC 1.1.1.14; superoxide dismutase (SOD-1), EC 1.15.1.1; xanthine dehydrogenase (XDH-1), EC 1.1.1.204.
Data analysis
We used likelihood and distance methods to infer a mtDNA gene phylogeny of Glaucomys and to examine the large-scale phylogeographical structure of both species. Unless otherwise noted, all phylogenetic analyses were performed using PAUP* (Swofford, 1998) . Major mtDNA clades (those reciprocally monophyletic and relatively divergent from other such clades) were treated as separate units when estimating nucleotide diversity and effective population size (see below). We conducted an initial analysis to examine the evolutionary relationships of the following Old World flying squirrels to Glaucomys: Hylopetes phayrei, Petaurista petaurista (two individuals), Petaurista philippensis, Petaurista leucogenys, Petaurista alborufus and Pteromys volans (GenBank numbers AB030259, AF063067, AB023909, AB023907, AB023906, AB023902 and AB023910, respectively).
Parsimony, maximum-likelihood and distance methods all consistently supported Hylopetes phayrei as the most closely related of these Old World flying squirrels to Glaucomys. This result is consistent with the findings of Oshida et al. (2000) . However, because all of the potential outgroups we examined, including H. phayrei, are relatively divergent from Glaucomys in terms of nucleotide sequence divergence, their inclusion has the potential to add high levels of homoplasy and longbranch attraction into the analyses (Halanych et al., 1999; Arbogast, Browne & Weigl, 2001 ). Therefore, we used only H. phayrei as an outgroup in subsequent phylogenetic analyses. We used the computer program MODELTEST (Version 3.0: Posada & Crandall, 1998) , which employs a series of hierarchical likelihood ratio tests (LRTs) to evaluate the fit of nested models of nucleotide substitution, to determine which model provided the best fit to the cytochrome-b data. The neighbour-joining method was then used to infer a cytochrome-b gene tree under the best-fit model and nodal support was estimated by performing 1000 bootstrap replicates. To evaluate whether different haplotype trees might be supported under different optimality criteria, parsimony analysis also was performed (with character state changes weighted equally and with transitions down-weighted to reflect the empirical transition: transversion ratio).
For the mtDNA data we used Arlequin (Version 2.000: Schneider, Roessli & Excoffier, 2000) to estimate π (mtDNA nucleotide diversity, a measure of genetic variability) and θ (the population parameter 2N e µ, where N e is effective population size and µ is mutation rate; for haploid mtDNA data θ = 2N f µ, where N f is female effective populations size). Assuming equal values of µ, estimated values of θ can be used to compare N e (or N f ) between populations. For the allozyme data we calculated allele frequencies for each locus, the percentage of polymorphic loci (%P; at the 0.95 level) and average individual heterozygosities (H ) for each population and species (Table 1) . Goodness-of-fit tests were performed to test for conformance to Hardy-Weinberg equilibrium. Due to the small sample sizes for G. s. fuscus (4), we did not treat this group separately from the other Appalachian subspecies (G. s. coloratus) when calculating diversity indices and estimating relative values of θ and N e .
RESULTS
Phylogeny and phylogeography
We found 26 unique mtDNA cytochrome-b haplotypes among 63 individuals of Glaucomys (Appendix; Fig. 2 ). Three of these haplotypes were found in the endangered populations of G. sabrinus; two out of the three only in the Appalachian populations and one out of the three was also found in one population from Michigan. All methods of phylogenetic inference converged on essentially the same haplotype tree (Fig. 2) . Because the analyses appear to be robust to differences in the assumptions of the phylogenetic methods and rooting strategies, we present (Fig. 2) . Within the clade corresponding to G. volans, haplotypes found in Louisiana and Florida occupy a basal position in the tree relative to haplotypes found further north. Within the Pacific Coastal clade of G. sabrinus, haplotypes from coastal Oregon are basal to those from western Washington and California. Mean levels of sequence divergence between haplotypes within the Continental and Pacific Coastal clades of G. sabrinus are 1.07% and 1.21%, respectively, based on the twoparameter model of Kimura (1980) . Within the former clade, levels of sequence divergence between haplotypes of G. sabrinus found in the Appalachians (haplotypes 1-3) and those found only outside the Appalachians (haplotypes 4-10 and 18) range from 1.03-2.58%. Within the lineage corresponding to G. volans, the mean level of sequence divergence between haplotypes is 0.702%. Minimum and maximum levels of sequence divergence between the three major lineages are: 4.66-7.22% between the two lineages of G. sabrinus; 3.61-6.5% between the Continental lineage of G. sabrinus and G. volans; and 4.31-8.311% between the Pacific Coastal lineage of G. sabrinus and G. volans.
Genetic variability
Estimates of mtDNA nucleotide diversity are 0.951% and 0.905% for the Continental and Pacific Coastal lineages of G. sabrinus, respectively, and 2.92% for the two clades combined (Fig. 3) . Nucleotide diversity within the southern Appalachian populations of G. sabrinus is 0.500%, which is about 60% that of the Continental lineage and about one-sixth that of the species as a whole. Nucleotide diversity within G. volans is 0.576%, which is substantially less than the summed Out of the 21 allozyme loci examined, five were nonvariable for all populations of both species (ACOH-1, EST-2, LDH-1, SDH-1, and XDH-1: Table 1 ). No significant deviations from Hardy-Weinberg equilibrium occurred at any locus for any population. Private alleles occurred in two populations of G. s. coloratus, NC2 (EST-3) and NC3 (EST-4) and in the one examined population of G. s. fuscus (WV1). One locus (ADH-1) exhibited allelic fixation between the endangered populations of G. sabrinus from the southern Appalachians and all the remaining conspecific populations. The average percentage of loci polymorphic for the four endangered populations of G. sabrinus from the southern Appalachians is significantly lower than for the remaining eight conspecific populations (14% versus 38%; P < 0.02 by ANOVA using arcsine transformed data). Although sample size can affect estimates of polymorphism, sample size was larger for the summed southern Appalachian populations than for the summed central and western populations (n = 45 and 32, respectively). Average individual heterozygosity values, which are not as dependent upon sample sizes as polymorphism estimates, also are significantly lower for southern Appalachian populations of G. sabrinus compared to the remaining conspecific populations (1.48% versus 6.55%, respectively; P < 0.02 by ANOVA using arcsine transformed data).
For the southern flying squirrel, G. volans, %P is zero for South Carolina and both %P andH were zero for Florida, Pennsylvania and North Carolina (NC1b) ( Table 1) . Polymorphism and heterozygosity are apparent in the Louisiana and West Virginia-2 populations, where sample sizes were extremely low. Overall, the average individual heterozygosity and the average level of polymorphism for G. volans are only 14% and 22%, respectively, of that observed in G. sabrinus (Fig. 3) . Both these indices of nuclear diversity are also lower in G. volans than in populations of the two endangered subspecies of G. sabrinus from the southern Appalachians.
DISCUSSION
Population structure and historical biogeographic context
The geographically extensive set of genetic data presented here provide a comparative evolutionary and biogeographical context in which to evaluate the conservation genetics of endangered populations of the northern flying squirrel that inhabit the high elevation spruce-fir islands of the southern Appalachian mountains. The data presented here support the hypothesis that the contemporary largescale population genetic structure of G. sabrinus has been strongly influenced by historical changes in the distribution of coniferous forest throughout the late Pleistocene (Arbogast, 1999) . During the Wisconsinan glacial maximum, the northern coniferous forest of (2) 17. WA (1) 10. AK, WA, BC (7) 18. WA (1) 9. AK (1) 8. AB (2) 5. MI (1) 7. AB (1) 6. MI (1) 3. NC* (4) 19. LA (1) 21. PA, NC, WV, MO (7) 22. NC (1) 23. MO (1) 24. MO (1) 25. PA (1) 20. LA, FL (3) 26. FL (5) 11. CA (2) 13. WA (2) 12. WA (5) 16. OR (1) 14. OR ( North America was pushed far south of its present range (Adams & Faure, 1997) . Fossil evidence indicates that the range of G. sabrinus was similarly displaced southward at this time (Kurtén & Anderson, 1980) . The mtDNA data suggest that contemporary populations of G. sabrinus are derived from ancestral populations isolated in two separate coniferous forest refugia during the Wisconsinan (Arbogast, 1999) . Most of northern North America is occupied by the Continental clade of G. sabrinus. Appalachian haplotypes are basal in this clade (Fig. 2) . The general southeast-to-northwest topology of the mtDNA gene tree for this clade is consistent with a northward and westward post-Wisconsinan range expansion from a southeastern refugium. By contrast, populations of G. sabrinus currently found west of the Cascades and Sierra Nevada in Washington, Oregon and California appear to be derived from an ancestral population that persisted in a coniferous forest refugium that existed along the Pacific coast of the USA. In addition to the mtDNA gene tree, the allozyme data also support a northward recolonisation of much of North America from a southeastern refugium. The predicted genetic consequences of an ice-age cycle of range contraction and expansion include: (1) the lowest levels of variation should be found at the leading (i.e. northern) edge due to repeated bottlenecks caused by founder events during range expansion and (2) private alleles are most likely to be found at the trailing edge (Hewitt, 1996) . The allozyme data for G. sabrinus support these predictions. For example, of the populations we sampled, those from Alaska (leading edge) exhibit much lower levels of polymorphism and average individual heterozygosity than those from Alberta and Michigan further to the south and east (Table 1 ). In addition, private alleles were found only within the southern Appalachian populations (trailing edge of range). Overall, the combined mtDNA and allozyme data support the view that the endangered southern Appalachian populations of G. sabrinus are late Pleistocene relicts that became isolated from more northern populations as the distribution of coniferous forests shifted northward following glacial retreat (Arbogast, 1999; Weigl et al., 1999) . Relationships of haplotypes within the mtDNA clade corresponding to G. volans (Fig. 2) suggest a southto-north pattern of post-glacial recolonisation in this species as well. Haplotypes from Florida and Louisiana are basal in this clade, while more northern haplotypes are all closely related to one another. These results are consistent with the paleovegetation record (Davis, 1983) in supporting a northward post-glacial recolonisation of eastern North America by G. volans out of a southeastern deciduous forest refugium that existed in the Gulf Coast region of North America during the most recent glacial maximum. It has recently been suggested (Adams & Faure, 1997 ) that such a refugium may have been smaller and more fragmented than previously considered (Davis, 1983) . Because the genetics of populations of G. volans from west of the Mississippi River, Mexico and Central America have not been examined, it remains to be seen how they will contribute to the overall historical biogeographical picture for Glaucomys.
The three mtDNA clades recovered among the Glaucomys populations we sampled (Fig. 2) indicate that the Continental and Pacific Coastal mtDNA clades of G. sabrinus are paraphyletic, supporting the findings of Arbogast (1999) . However, all three mtDNA clades are separated by similar amounts of sequence divergence from one another. This suggests that the three clades may have experienced a relatively contemporaneous divergence. The paraphyly could also reflect incomplete lineage sorting, especially given that these clades probably originated in the early-mid Pleistocene (Arbogast, 1999) .
Genetic variability and historical bottlenecks
Overall, levels of genetic variability in G. sabrinus are relatively high (Fig. 3) . This is especially true when compared to those observed in G. volans. This suggests that, as a species, G. sabrinus has not experienced strong historical bottlenecks. Our estimates of θ also suggest a value of N e for G. sabrinus that is about three times larger than that for G. volans (θ = 12.5 versus 3.68, respectively). Our most extensive allozyme data, from populations of G. s. coloratus at the extreme southeastern edge of the species range, suggest that some loss of genetic variability has occurred in these endangered Appalachian populations of G. sabrinus. However, levels of genetic variability in the Appalachian populations of G. sabrinus are actually similar to (based on mtDNA), or higher than (based on allozymes) those observed in populations of the widespread G. volans (Fig. 3) . Thus, our comparative approach suggests that the endangered southern Appalachian populations of G. sabrinus have levels of polymorphism, heterozygosity and mtDNA nucleotide diversity that are actually intermediate, rather than extremely low. This is somewhat surprising given the small effective population sizes for these populations. Our estimates of θ (based on the mtDNA data) indicate that N e for the summed Appalachian populations of G. sabrinus is about one-eighth that of the species as a whole and about one-half that of G. volans. However, the presentday functional N e for the Appalachian populations of G. sabrinus may be much lower given their highly fragmented distribution. For example, field studies suggest that many local populations of G. s. coloratus have an N e of < 100 individuals . Recent historical connections during cooler climatic periods, such as in the late Pleistocene, may have contributed to the maintenance of intermediate levels of genetic diversity in these nowisolated populations.
The apparent lack of major genetic variation in the southern flying squirrel over a broad area of eastern North America is one of the most surprising results of our study. Both the mtDNA and allozyme data for G. volans reveal surprisingly low levels of variability within and between populations of this species (Table 1, Fig. 3 ). This combination of low variability in nuclear and mtDNA is predicted for species that have undergone a severe or prolonged historical bottleneck (Wilson et al., 1985; Gaines et al., 1997) . Adams & Faure (1997) have suggested that the extent of deciduous forest habitat in the southeastern United States was either extremely small, highly fragmented, or both during the Wisconsinan glacial maximum. Thus, the low levels of genetic variability observed in G. volans may be related to a historical bottleneck at this time. No such severe bottleneck appears to have affected G. sabrinus, suggesting that coniferous forest refugia may have been relatively large during the Wisconsinan glacial maximum.
The phylogeographical architectures of G. sabrinus and G. volans, while differing markedly from one another, share much in common with those of other vertebrate taxa associated with the northern coniferous and eastern deciduous forest habitats of North America, respectively. For example, several taxa of mammals occupying the coniferous forest of North America share a phylogeographical discontinuity in the Pacific Northwest similar to that observed in G. sabrinus (Arbogast & Kenagy, 2001) . Similarly, many mammals associated with the deciduous forest of eastern North America appear to be relatively depauperate in terms of genetic variability, e.g. the eastern gray squirrel, Sciurus carolinensis, and the fox squirrel, S. niger (Moncreif, 1998) . Additional genetic studies of North American forest taxa, including trees, will test the generality of our conclusions. Such studies, combined with continued advances in palynology and paleobotany, promise to provide many additional insights into the complex relationship between the Quaternary dynamics of North American forests and the genetic diversity of associated species.
CONCLUSIONS
Conservation implications
Genetic data provide a means for assessing the evolutionary distinctiveness of populations of conservation concern. These data can be further used to establish management units (MUs) and/or evolutionary significant units (ESUs), two commonly used designations for threatened or endangered taxa (Moritz, 1994; Bidlack & Cook, 2001 ). MUs are defined by either reciprocal monophyly in mtDNA or substantial allele frequency divergence at nuclear loci; ESUs are defined by the presence of both (Moritz, 1994) . The presence of several private alleles in our allozyme analysis clearly distinguishes the endangered Appalachian populations of G. sabrinus from conspecific populations elsewhere (Table 1) . However, the cytochrome-b data indicate that some mtDNA haplotypes are shared between populations from the Appalachians (North Carolina) and populations outside the Appalachian region (e.g. Michigan; Fig 2) . Thus, at the level of sensitivity provided by this mitochondrial gene, the Appalachian populations fall short of reciprocal monophyly relative to other conspecific populations. The combined results of the mtDNA and allozyme data thus support the continued recognition of the endangered southern Appalachian population of G. sabrinus as a distinct MU, although not necessarily as a distinct ESU. Two sampling issues should be addressed in the future in order to further evaluate our conclusions on the genetic distinctness and conservation status of populations of G. sabrinus in the Appalachians. First, more samples of G. s. fuscus should be examined; our sample from this subspecies is quite small, especially relative to that from G. s. coloratus. Second, samples of G. sabrinus from the more contiguous portion of the species' range just north of the fragmented Appalachian spruce-fir islands occupied by G. s. fuscus (i.e. from Pennsylvania, New York, etc) should be examined.
The mtDNA and allozyme data provided here give important information on whether the Appalachian populations have low genetic variability relative to other conspecific populations and relative to G. volans. Limited genetic variability is considered to be an important potential factor in the long-term viability of endangered taxa (Frankham, 1997) . Our data suggest that levels of genetic variability in these endangered populations are reduced relative to conspecific populations, but are not low compared to populations of the widespread southern flying squirrel. Although future decreases in genetic variability are a potential problem for populations of G. sabrinus from the spruce-fir islands of the southern Appalachians, the most immediate threat to the persistence of these populations is likely to be habitat loss. The spruce-fir and spruce-fir-hardwood ecotonal habitats of G. s. fuscus and G. s. coloratus are effectively trapped between two highly destructive processes: (1) the loss of much of the conifer zone due to introduced pests and acid precipitation and (2) disturbance of upland hardwoods by human activities, including road-building and recreational uses . This loss of suitable habitat for populations of G. sabrinus in the southern Appalachians, which are already small and fragmented, would further decrease the size of local populations, thereby increasing the likelihood of local extinction. The loss of high-elevation habitat also increases the isolation of existing populations, thus restricting natural gene flow. Because global warming and climatic cycles of both short and long duration will undoubtedly affect forest distributions in the future, recognition of climate change and its implications also will be vital in constructing proactive conservation strategies designed to maintain viable populations of G. sabrinus in the southern Appalachians.
